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1 Introduction
The group III-nitrides are excellent materials for fabrication of different types of
electronic and optoelectronic devices [1] owing to their superior electronic and
structural properties such as wide, direct and tunable bandgap, high electron
mobility, high electron peak velocity, stability in harsh chemical environments,
high thermal conductivity, etc. Examples of applications of III-nitrides include
LEDs, lasers, high power and high frequency electronics, sensors, photovoltaics,
etc. However, to attain optimal performance of these devices several issues need
to be resolved. Among the various limitations, forming dislocation and defect
free III-nitride thin films, p-doping the material and making ohmic contacts
to the device structures remain predominant, and are constantly addressed by
researchers. Though several approaches have been adopted, of late, there is great
interest in nanostructuring the material to exploit their novel properties in low
dimensions, due to electron and photon confinement, strain relaxed growth and
large surface to volume ratio.[2]
In the recent past, we have reported several interesting results on the for-
mation and properties of the self-assembled GaN nanowall network.[3],[4] This
configuration displays unprecedented properties such as low defect, high conduc-
tivity, high mobility, etc. Fabrication of devices exploiting these nanostructures
necessitates a thorough understanding of the surface and interface properties
of different morphological manifestations of materials which display different
surface chemistry and electronic states. This difference, in turn, affects forma-
tion of metal contacts, [5] Fermi level pinning, [6] band bending [7] etc, all of
which are crucial in device fabrication. By kinetically varying growth condi-
tions, nanostructured films of various morphologies can be deposited. Density
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and type of point defects and dislocations, strain, etc, all depend on the struc-
ture and morphology of the material and therefore electrical and luminescence
properties can be tuned by changing the kinetics of growth. In this work we have
grown GaN samples of different morphologies using PAMBE by controlling the
growth parameters and probed their surface chemistry and electronic structure,
and related them to the corresponding electrical and luminescence properties.
2 Experimental
The GaN thin films S1 to S3 were grown using a radio frequency plasma assisted
molecular beam epitaxy system (SVTA). High purity Ga metal (99.99999 %)
and nitrogen gas (99.9995%) were used as sources. C-plane sapphire (α-Al2O3)
was used as the substrate, which was degreased by ultrasonicating in organic
solvents and rinsed in deionized water, before being inserted in the preparation
chamber of MBE. Here, it was subjected to thermal cleaning by degassing it
at 600 ◦C for 1 hour. The substrate is then transferred to the main growth
chamber where it is again degassed at 850 ◦C for 30 minutes. The samples
S1 to S3 were grown in nitrogen rich conditions, while the substrate was held
at 630 ◦C. Ga K cell temperatures of 1050 ◦C, 1020 ◦C, 1100 ◦C and nitro-
gen flow rates of 4.5 sccm, 6 sccm and 4.5 sccm were used for forming samples
S1, S2 and S3, respectively. All samples were grown for a duration of 4 hours
with the RF plasma forward power of 375 W. The sample S4 is a commercially
obtained 2 µm thick MOCVD grown GaN flat epilayer which is used for com-
parative studies of morphology dependence of properties. The morphology of
the samples were observed by a Field Emission Scanning Electron Microscopy
(FESEM, FEI Qunata 3D), which is also equipped to provide the cathodolumi-
nescence (CL) spectra of the samples. Electrical properties were determined by
Hall measurements at room temperature using Ecopia Hall measurement sys-
tem (HMS 3000) and the surface chemistry was studied by X-ray photoelectron
spectroscopy (XPS, Omicron). The as-deposited samples were directly inserted
in the XPS chamber, without any surface treatment, to determine their native
properties. Both non-monochromated Al K-α (1486.7) and Mg K-α (1253.6)
were used as X-ray sources. After the initial studies, 0.8 KeV energy Ar+ ion
sputtering was employed for various times to remove the surface contaminants,
followed by XPS core level and valence band analysis.
3 Results and discussion
Fig. 1 shows the plan view FESEM images of samples S1 to S4, which display the
reducing surface roughness and porosity. S1 is a highly porous random network
of nanowalls, which will henceforth be referred to as nanowall network (NWN).
The width of the base of the tapered walls are a few hundred nanometres whereas
the tips (apex) are less than 10 nm. S2 is a relatively flat film with high density
of small pores, while sample S3 consists of large coalesced flat topped islands.
2
S4 is the highly flat GaN epilayer. The surface roughness of the samples was
quantified by atomic force microscopy (AFM).
Figure 1: The FESEM plan view images of S1-S4. The samples are progressively
flatter. The scale bar is 1 µm.
From the SEM image it is clear that since the pores of S1 are deep, the
tapping mode AFM study may not provide an accurate value of roughness, but
it is sufficient for comparison purposes. The RMS roughness of the samples from
S1 to S4 were found to be 57.4, 19.9, 7.8 and 0.4 nm, respectively. The samples
were cut into smaller pieces (≈ 1cm x 1cm), and indium metal contacts were
made on one set of samples to study the electrical properties. Four probe Hall
measurement, in van der Pauw geometry was carried out. The bulk electron
concentration and resistivity of the samples are given in Table 1. All samples
are unintentionally n-doped,with S1 and S2 having bulk electron concentration
of v 1020cm−3 , while S3 has v 1019cm−3 and S4 has v 1017cm−3 . Also it is
seen that resistivities of S1 and S2 are about 10−3 Ω-cm whereas S3 and S4 are
about 10−1 Ω-cm.
Table 1: Electrical parameters from Hall measurement
Sample name Surface RMS roughness (nm) Bulk electron concentration
(x 1018 cm−3)
S1 57.4 244
S2 19.9 122
S3 7.82 9.7
S4 0.38 0.2
A number of factors can be responsible for this unintentional doping, such
as nitrogen vacancy (VN ), oxygen impurity (ON ) [8] etc. A tiny amount of oxy-
gen is observed, which may come from impurities in the source or by diffusion
from the Al2O3 substrate.The natural propensity of GaN to be unintention-
ally n-doped has often been attributed to the formation of VN [9]. The XPS
studies of the samples, were done by acquiring survey and core level spectra,
without any surface treatment, to study the native surface. It was found that
the GaN samples have oxygen and carbon contaminants on the surface due to
handling, storage, and atmospheric exposure. The adventitious carbon is usu-
ally unreactive and does not react with gallium. The oxygen species can form
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stoichiometric (Ga2O3) or non-stoichiometric (GaOx) gallium oxides or even
gallium oxynitrides. For the analysis of XPS data, the adventitious carbon was
assumed to be of hydrocarbon nature [10] and its binding energy (B.E.) was
taken as 284.8 eV . For the analysis of core level spectra a Shirley background
correction was employed and then deconvolution was performed using fitting
parameters from the literature. The peak shape was taken to be Voigt, with
Gaussian function of 80% and Lorentzian of 20%. Fig. 2. shows the deconvo-
luted Ga 3d spectra of samples S1-S4. The peak at 18.1 is due to the Ga-Ga
metallic bond [11]. While the peak at (19.3±0.2) eV and the one at (20.4±0.1)
eV have been assigned to Ga-N bond and Ga-O bond, respectively. [12][13]
Prabhakaran et. al. [14] found the native oxide on GaN to be predominantly
monoclinic β−Ga2O3 although they could not rule out formation of oxynitrides.
Figure 2: The deconvoluted Ga 3d core level spectra of samples S1 - S4
The spectra in all cases predominantly show the Ga-N component, with
Ga-O component occurring at higher B.E. value and the Ga-Ga component oc-
curring at low B.E. value. It can be observed in Fig. 2 that samples S1 and S2
contain Ga-Ga metallic bond which is absent in samples S3 and S4.To get the
absolute surface composition of a sample from XPS, a completely clean surface
is required. Various methods are employed to achieve completely clean surfaces,
such as, ion sputtering [15], HCl cleaning [16], atomic hydrogen cleaning [17], in
situ annealing, [18] etc. Each of these methods have their own peculiar effects
on the surface.The surface chemistry changes significantly after prolonged Ar+
sputtering, whereas without sputtering, the adsorbates mask the true composi-
tion. The thick GaN epilayer (S4) has been assumed to be stoichiometric GaN
and relative compositions for sample S1-S3 have been estimated. A light 5 min-
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utes sputtering (0.8 KeV, 50 µA) was employed on all the samples to remove
some of the adsorbed contaminants. After that the peak intensities (area under
peak after background subtraction) were measured and the elemental concen-
trations for Ga, N, O and C were estimated with appropriate atomic sensitivity
factors (ASF), using the following relation:
Concentration of X =
IX/SX∑
Ii/Si
(1)
where, Ii and Si are intensity and ASF of i-th element. In Fig. 3 the nitrogen
to gallium concentration ratio has been plotted along with the bulk electron
concentrations obtained from Hall measurements. It can be seen from this
figure that porous samples S1 and S2, have a Ga rich surface, with higher
electron concentrations and lower resistivities (see Table 1). Sample S3 has
the most Ga deficient surface and least electron concentration among the MBE
grown samples studied.
Figure 3: Graph showing surface stoichiometry of 5 minute sputtered samples
and their respective bulk electron concentration measured from Hall experiment.
A surface rich in gallium might mean either the surface is Ga terminated (N
polar material), or that the N vacancies on a nonpolar/semipolar surface yield
a termination consisting mostly of Ga atoms, whose dangling bonds reconstruct
to minimize the high surface energy. Similar to that reported for InN, the
thermodynamically stable GaN surface configuration is cation terminated with
another cation adlayer on top of it, which can yield the Ga rich surface, [19]
forming an electron accumulation layer. Considering S3, a Ga deficient surface
can indicate the presence of Ga vacancies, yielding the well known GaN yellow
luminescence (YL) at around 2.2 eV (v560 nm). [20],[21]
To see the presence of such features, cathodoluminescence (CL) of samples
S1-S4 was carried out at room temperature,with different acceleration voltages
and electron beam currents. Fig. 4 shows the CL spectra of the samples with
an acceleration voltage of 20 KV and a beam current of 4nA. All the samples
yield a peak at (3.40± 0.03) eV, which is related to the band edge emission of
GaN. It is clear that for the NBE emission, GaN epilayer (sample S4) has the
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Figure 4: Cathodoluminescence spectra of samples S1 to S4 obtained at room
temperature with 20KV acceleration voltage and 4nA beam current.
lowest FWHM of 84 meV; followed by GaN NWN (sample S1) 104.4 meV, while
S3 and S2 have higher widths of 111.3 meV and 134.4 meV, respectively. An
important point to observe is hat S1 has no defect related luminescence in the
400-600 nm region. Sample S2 has an unusually broad NBE peak with significant
asymmetry. S3 has another peak around 3.2-3.25 eV and a broad peak around
2.2 eV which is the YL peak. Sample S4 has atleast two defect related peaks,
one around 2.8 eV and one around 2.15 eV. The 2.8 eV blue luminescence (BL),
v 3.25 eV UV luminescence (UVL) are identified as defect related emissions in
the literature, but the attribution to specific defects has been ambiguous. Some
researchers [22],[23] ascribe the 2.8 BL to nitrogen vacancy or its complexes,
eg. (VN -H), while H.C. Yang et. al. [24] relate it to the transition between ON
donor level and (VGa-ON ) complex deep level. Appearance of the 3.25 eV peak
in the nominally undoped GaN sample is somewhat unusual, as it is mostly seen
in Mg:GaN materials, [25]. Nevertheless this emission is sometimes explained
to be due to nitrogen vacancies and incorporated hydrogen. [22]
To understand the variation of band structure due to the morphology of
the films, we use XPS to locate the position of Fermi level, band bending and
band filling. While the conduction band edge and surface Fermi level positions
can be found from absorption (or luminescence) spectra and XPS valence band
measurements, respectively, the position of Fermi level in the bulk of the sample
is not easy to experimentally measure, unless the sample is degenerately doped.
To estimate (EF -EV ) in the bulk, a simple calculation was performed. [26] For
n-doped semiconductors, the electron concentration before doping (ni) and after
doping (n0) are related as:
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n0 = ni exp(
EF − Ei
KBT
) (2)
which can be rearranged to give
EF − Ei = KBT ln(n0
ni
) (3)
Now, ni is given as : [27]
ni =
√
NCNV exp(
−EG
2KBT
) (4)
where, NC and NV are the conduction and valence band density of states,
and other symbols have their usual meaning. Further, these two quantities are
given as :
NC = 2[
2pimeKBT
h2
]
3
2 (5)
NV = 2[
2pimhKBT
h2
]
3
2 (6)
Using standard values and taking T=300 K, we get NC = 2.23x10
18 cm−3
and NV = 4.16x10
19 cm−3 from which the intrinsic electron concentration is
found to be: ni = 3.87x10
−10 cm−3.
Then, by using the n0 values from Table 1, we get the energy difference
between bulk Fermi level and band midpoint (Ei) for samples S1-S4 as: 1.78
eV, 1.76 eV, 1.70 eV and 1.60 eV, respectively, corresponding to decreasing n-
doping. Thus, we observe that samples S1 and S2 are degenerately doped,which
is also seen in UV-visible spectroscopy studies (not shown here) with absorption
edge at v 3.5 eV, for sample S1. To locate the position of Fermi level on the
sample surface, a straight line was fit to the leading edge of the valence band
spectra, whose intersection with the background gives the position of valence
band maximum (EV ), with respect to EF = 0 eV binding energy. (EF -EV )
values so found, are: 2.0 eV, 1.8 eV, 1.6 eV and 1.7 eV, respectively, for samples
S1, S2, S3 and S4. The resulting band diagrams for S1 and S2 are shown in
Fig 5. All the samples show an upward band bending of 1.44 eV, 1.63 eV,
1.8 eV and 1.6 eV, respectively. These values are also confirmed by measuring
the separation between valence band maximum and Ga 3d core level, which is
independent of band bending or any other effect. Using the (EV - EGa3d ) value
of 17.76 eV, given by Waldrop and Grant, [28] and the Ga 3d core level position,
the position of surface Fermi level with respect to VBM, (EF -EV ) are found to
be : 2 eV, 1.7 eV, 1.7 eV and 1.3 eV, for S1, S2, S3 and S4 respectively, which
agree well with the first method.
Thus, the results show that the Fermi level gets pinned at (1.8 ± 0.2) eV
above VBM, for samples S1 and S2. Earlier, the experimental work of Koan et.
al. [29] showed that for GaN samples covered with a thin Ga adlayer, the Fermi
level gets pinned 1.65 eV above VBM, and Van de Walle et. al. showed by
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Figure 5: The calculated band bending for samples S1 and S2. The band gap
was found to be 3.4 eV from CL spectra. The surface Fermi level position was
determined from XPS by linear fit of valence band leading edge. The bulk Fermi
level position was estimated from band theory calculations.
DFT calculations [30] that for a metallic bilayer consisting of the terminating
Ga atom and a Ga adatom, the Fermi level gets pinned at 1.8 eV above VBM for
both polar and non-polar GaN surfaces. Comparison of these literature values
and our data suggests that a Ga adlayer exists at the surface of samples S1 and
S2.
Next, we study the effect of sputtering on the samples surface chemistry.
Ar+ sputtering is a very commonly used method to prepare clean surfaces. [15]
However, an inherent problem in that is the sputter yield, (average number of
target atoms sputtered per incident Ar+ ion) is not the same for all elements.
Since the rate of nitrogen sputtering is more than that of gallium, the surface
chemistry is significantly changed. Fig. 6 shows the core level Ga 3d spectra of
S1 deconvoluted into Voigt components, for the unsputtered sample and after
10 and 20 minutes of sputtering. As it can be expected, with sputtering, the
gallium oxide component reduces, while the metallic Ga-Ga bond contribution
increases. The calculated Ga/N absolute concentration ratio for unsputtered S1
sample and after 5, 10 and 20 minutes of sputtering, are: 0.3, 0.9,0.9 and 1.2,
respectively, indicating that the surface becomes more metal rich with increasing
Ar+ sputtering. Such surface metallization with ion sputtering is also reported
in the literature [31],[32].
Fig. 7 shows the normalized VB spectra of sample S1 at different sputtering
times. Defects at semiconductor surfaces lead to a change in the DOS. [33] As
VB spetcra reflects the total DOS of the semiconductor, the type and abundance
of point defects can be estimated from VB spectra. A few observations can be
made from Fig. 7. The unsputtered VB spectra has two prominent features, one
around 3-4 eV (PA) and another around 8-9 eV (PB). The low binding energy
peak originates from the hybridization of Ga 4p and N 2p orbitals and is p-like.
The higher binding energy peak is s-like and is attributed to hybridization of
Ga 4s and N 2p orbitals. The feature appearing in between these two peaks is
attributed to adsorbates or mixed hybridized orbitals. [34],[35] It has been found
from experimental studies that there is a direct correlation between relative
intensities of PA and PB and the polarity of the sample.
D. Skuridina et. al. [36] showed that if the intensity of PA is higher than
PB , the material is cation polar, whereas if the reverse occurs, it is N polar. So,
from the Fig. 7, it appears that S1 is N polar. After this initial visual analysis,
the VB spectra was fitted by 4 Voigt peaks each, in the way described earlier.
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Figure 6: Deconvoluted Ga 3d core level spectra of S1 at different sputtering
times
Figure 7: Deconvoluted valence band spectra of S1 at different sputtering times.
The arrow marks the build up of intensity near Fermi edge.
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The peaks at 5.4 eV and 9.1 eV are assigned to Ga 4s N 2p hybridized orbitals.
The peak at 3.8 eV is assigned to Ga 4s N 2p hybridized orbitals.[37]
Table 2: Assignment of deconvoluted peaks of valence band spectra
Peak Binding energy (eV) Origin
P1 3.8 Ga 4p - N 2p
P2 5.4 Ga 4s N 2p*
P3 7.3 Mixed hybrid orbitals
P4 9.1 Ga 4s N 2p
The peak P3, as mentioned before, is generally attributed to be either adsor-
bate related or due to mixed hybrid orbitals. Since this peak intensity did not
change with sputtering, we discount the role of adsorbates, and attribute it to
mixed hybrid orbitals. A prominent observation that can be made from Fig. 7
is that a significant intensity can be seen gradually building up near the Fermi
level position with sputtering, which is a characteristic of surface metallization
as also seen in the Ga 3d core level changes in Fig. 6.
4 Conclusion
In conclusion, MBE grown GaN samples of different morphologies were studied.
It was found that GaN nanowall network has high conductivity and no defect
related luminescence. From XPS measurements and theoretical calculations it
was found that the Fermi level gets pinned (1.8±0.2) eV for the nanowall, which
indicates that there is a Ga metallic adlayer present on its surface. The flatter
samples showed lower conductivity and defect related yellow luminescence due
to Ga vacancies at their surfaces. It was found that Ar+ sputtering, leads
to surface metallization as confirmed from XPS core level and valence band
measurements. This study helps gain an insight into the correlation between
morphology and surface chemistry that is useful in employing such systems to
fabricate devices.
5 Acknowledgement
The authors thank Prof. C. N. R. Rao for his support and guidance. AC
acknowledges DST for a Senior Research Fellowship.
References
[1] Pierre Ruterana, Martin Albrecht, and Jrg Neugebauer. Nitride Semicon-
ductors: Handbook on Materials and Devices. John Wiley & Sons, May
2006. ISBN 978-3-527-60740-2. Google-Books-ID: G4j8lJboOHkC.
10
[2] Stephen Pearton. GaN and ZnO-based Materials and Devices. Springer
Science & Business Media, January 2012. ISBN 978-3-642-23521-4. Google-
Books-ID: VwlDtqc1c7oC.
[3] Manoj Kesaria, Satish Shetty, and S. M. Shivaprasad. Evidence for Disloca-
tion Induced Spontaneous Formation of GaN Nanowalls and Nanocolumns
on Bare C-Plane Sapphire. Cryst. Growth Des., 11(11):4900–4903, Novem-
ber 2011. ISSN 1528-7483. doi: 10.1021/cg200749w. URL http://dx.
doi.org/10.1021/cg200749w.
[4] H. P. Bhasker, S. Dhar, A. Sain, Manoj Kesaria, and S. M. Shivaprasad.
High electron mobility through the edge states in random networks of c-
axis oriented wedge-shaped GaN nanowalls grown by molecular beam epi-
taxy. Appl. Phys. Lett., 101(13):132109, September 2012. ISSN 0003-6951.
doi: 10.1063/1.4755775. URL http://aip.scitation.org/doi/abs/10.
1063/1.4755775.
[5] K. A. Rickert, A. B. Ellis, F. J. Himpsel, Jingxi Sun, and T. F. Kuech. n-
GaN surface treatments for metal contacts studied via x-ray photoemission
spectroscopy. Appl. Phys. Lett., 80(2):204–206, January 2002. ISSN 0003-
6951. doi: 10.1063/1.1430024. URL http://aip.scitation.org/doi/
abs/10.1063/1.1430024.
[6] A. C. Schmitz, A. T. Ping, M. Asif Khan, Q. Chen, J. W. Yang,
and I. Adesida. Metal contacts to n-type GaN. J. Electron. Mater.,
27(4):255–260, April 1998. ISSN 0361-5235, 1543-186X. doi: 10.
1007/s11664-998-0396-5. URL https://link.springer.com/article/
10.1007/s11664-998-0396-5.
[7] K. M. Tracy, W. J. Mecouch, R. F. Davis, and R. J. Nemanich. Preparation
and characterization of atomically clean, stoichiometric surfaces of n- and
p-type GaN(0001). J. Appl. Phys., 94(5):3163–3172, August 2003. ISSN
0021-8979. doi: 10.1063/1.1596369. URL http://aip.scitation.org/
doi/abs/10.1063/1.1596369.
[8] M. A. Reshchikov, G.-C. Yi, and B. W. Wessels. Behavior of 2.8- and 3.2-
eV photoluminescence bands in Mg-doped GaN at different temperatures
and excitation densities. Phys. Rev. B, 59(20):13176–13183, May 1999.
doi: 10.1103/PhysRevB.59.13176. URL https://link.aps.org/doi/10.
1103/PhysRevB.59.13176.
[9] D. C. Look, D. C. Reynolds, J. W. Hemsky, J. R. Sizelove, R. L. Jones,
and R. J. Molnar. Defect Donor and Acceptor in GaN. Phys. Rev. Lett., 79
(12):2273–2276, September 1997. doi: 10.1103/PhysRevLett.79.2273. URL
https://link.aps.org/doi/10.1103/PhysRevLett.79.2273.
[10] Tery L. Barr and Sudipta Seal. Nature of the use of adventitious carbon
as a binding energy standard. J. Vac. Sci. Technol. A, 13(3):1239–1246,
11
May 1995. ISSN 0734-2101. doi: 10.1116/1.579868. URL http://avs.
scitation.org/doi/abs/10.1116/1.579868.
[11] Nanako Shiozaki, Taketomo Sato, and Tamotsu Hashizume. Formation
of Thin Native Oxide Layer on n-GaN by Electrochemical Process in
Mixed Solution with Glycol and Water. Jpn. J. Appl. Phys., 46(4R):
1471, April 2007. ISSN 1347-4065. doi: 10.1143/JJAP.46.1471. URL
http://iopscience.iop.org/article/10.1143/JJAP.46.1471/meta.
[12] Tatsuya Fujishima, Sameer Joglekar, Daniel Piedra, Hyung-Seok Lee,
Yuhao Zhang, Akira Uedono, and Toms Palacios. Formation of low
resistance ohmic contacts in GaN-based high electron mobility transis-
tors with BCl3 surface plasma treatment. Appl. Phys. Lett., 103(8):
083508, August 2013. ISSN 0003-6951. doi: 10.1063/1.4819334. URL
http://aip.scitation.org/doi/abs/10.1063/1.4819334.
[13] K. Idczak, P. Mazur, S. Zuber, L. Markowski, M. Skicim, and S. Biliska.
Growth of thin zirconium and zirconium oxides films on the n-GaN(0001)
surface studied by XPS and LEED. Appl. Surf. Sci., 304(Supplement
C):29–34, June 2014. ISSN 0169-4332. doi: 10.1016/j.apsusc.2014.
01.102. URL http://www.sciencedirect.com/science/article/pii/
S0169433214001421.
[14] K. Prabhakaran, T. G. Andersson, and K. Nozawa. Nature of native oxide
on GaN surface and its reaction with Al. Appl. Phys. Lett., 69(21):3212–
3214, November 1996. ISSN 0003-6951. doi: 10.1063/1.117964. URL
http://aip.scitation.org/doi/abs/10.1063/1.117964.
[15] J. Kova and A. Zalar. Surface composition changes in GaN induced by
argon ion bombardment. Surf. Interface Anal., 34(1):253–256, August 2002.
ISSN 0142-2421, 1096-9918. doi: 10.1002/sia.1294. URL http://doi.
wiley.com/10.1002/sia.1294.
[16] S. W. King, J. P. Barnak, M. D. Bremser, K. M. Tracy, C. Ronning, R. F.
Davis, and R. J. Nemanich. Cleaning of AlN and GaN surfaces. J. Appl.
Phys., 84(9):5248–5260, October 1998. ISSN 0021-8979. doi: 10.1063/1.
368814. URL http://aip.scitation.org/doi/abs/10.1063/1.368814.
[17] L. F. J. Piper, T. D. Veal, M. Walker, I. Mahboob, C. F. McConville, Hai
Lu, and W. J. Schaff. Clean wurtzite InN surfaces prepared with atomic
hydrogen. J. Vac. Sci. Technol. A, 23(4):617–620, June 2005. ISSN 0734-
2101. doi: 10.1116/1.1927108. URL http://avs.scitation.org/doi/
abs/10.1116/1.1927108.
[18] Azusa N. Hattori, Katsuyoshi Endo, Ken Hattori, and Hiroshi Daimon.
Surface treatments toward obtaining clean GaN(0001) from commercial
hydride vapor phase epitaxy and metal-organic chemical vapor deposition
substrates in ultrahigh vacuum. Appl. Surf. Sci., 256(14):4745–4756, May
12
2010. ISSN 0169-4332. doi: 10.1016/j.apsusc.2010.03.001. URL http:
//www.sciencedirect.com/science/article/pii/S0169433210002862.
[19] David Segev and Chris G. Van de Walle. Electronic structure of nitride
surfaces. J. Cryst. Growth., 300(1):199–203, March 2007. ISSN 0022-0248.
doi: 10.1016/j.jcrysgro.2006.11.039. URL http://www.sciencedirect.
com/science/article/pii/S0022024806012486.
[20] Jrg Neugebauer and Chris G. Van de Walle. Gallium vacancies and the
yellow luminescence in GaN. Appl. Phys. Lett., 69(4):503–505, July 1996.
ISSN 0003-6951. doi: 10.1063/1.117767. URL http://aip.scitation.
org/doi/abs/10.1063/1.117767.
[21] K. Saarinen, T. Laine, S. Kuisma, J. Nissil, P. Hautojrvi, L. Dobrzynski,
J. M. Baranowski, K. Pakula, R. Stepniewski, M. Wojdak, A. Wysmolek,
T. Suski, M. Leszczynski, I. Grzegory, and S. Porowski. Observation of
Native Ga Vacancies in GaN by Positron Annihilation. Phys. Rev. Lett.,
79(16):3030–3033, October 1997. doi: 10.1103/PhysRevLett.79.3030. URL
https://link.aps.org/doi/10.1103/PhysRevLett.79.3030.
[22] F. Shahedipour and B. W. Wessels. Investigation of the formation of the
2.8 eV luminescence band in p-type GaN:Mg. Appl. Phys. Lett., 76(21):
3011–3013, May 2000. ISSN 0003-6951. doi: 10.1063/1.126562. URL
http://aip.scitation.org/doi/abs/10.1063/1.126562.
[23] Yow-Jon Lin, Zhi-Long Wang, and Hsing-Cheng Chang. Surface band
bending, nitrogen-vacancy-related defects, and 2.8-eV photoluminescence
band of (NH4)2sx-treated p-GaN. Appl. Phys. Lett., 81(27):5183–5185,
December 2002. ISSN 0003-6951. doi: 10.1063/1.1533857. URL http:
//aip.scitation.org/doi/abs/10.1063/1.1533857.
[24] H. C. Yang, T. Y. Lin, and Y. F. Chen. Nature of the 2.8-eV pho-
toluminescence band in Si-doped GaN. Phys. Rev. B, 62(19):12593–
12596, November 2000. doi: 10.1103/PhysRevB.62.12593. URL https:
//link.aps.org/doi/10.1103/PhysRevB.62.12593.
[25] Michael A. Reshchikov and Hadis Morko. Luminescence properties of de-
fects in GaN. J. Appl. Phys., 97(6):061301, March 2005. ISSN 0021-8979.
doi: 10.1063/1.1868059. URL http://aip.scitation.org/doi/abs/10.
1063/1.1868059.
[26] Ben G. Streetman and Sanjay Banerjee. Solid State Electronic Devices.
Pearson Prentice Hall, 2006. ISBN 978-0-13-149726-9. Google-Books-ID:
xHS8QgAACAAJ.
[27] NSM Archive - Gallium Nitride (GaN) - Band structure. URL http://
www.ioffe.ru/SVA/NSM/Semicond/GaN/bandstr.html.
13
[28] J. R. Waldrop and R. W. Grant. Measurement of AlN/GaN (0001) het-
erojunction band offsets by xray photoemission spectroscopy. Appl. Phys.
Lett., 68(20):2879–2881, May 1996. ISSN 0003-6951. doi: 10.1063/1.116355.
URL http://aip.scitation.org/doi/abs/10.1063/1.116355.
[29] M. Koan, A. Rizzi, H. Lth, S. Keller, and U.K. Mishra. Sur-
face Potential at as-Grown GaN(0001) MBE Layers. Phys. Sta-
tus Solidi B, 234(3):773–777, December 2002. ISSN 0370-1972,
1521-3951. doi: 10.1002/1521-3951(200212)234:3〈773::AID-PSSB773〉3.
0.CO;2-0. URL http://dx.doi.org/10.1002/1521-3951(200212)234:
3<773::AID-PSSB773>3.0.CO;2-0.
[30] D. Segev and C. G. Van de Walle. Origins of Fermi-level pinning on GaN
and InN polar and nonpolar surfaces. Europhys. Lett., 76(2):305, September
2006. ISSN 0295-5075. doi: 10.1209/epl/i2006-10250-2. URL http://
iopscience.iop.org/article/10.1209/epl/i2006-10250-2/meta.
[31] Matthew S. Makowski, Dmitry Y. Zemlyanov, and Albena Ivanisevic.
Olefin metathesis reaction on GaN (0001) surfaces. Appl. Surf. Sci., 257
(10):4625–4632, March 2011. ISSN 0169-4332. doi: 10.1016/j.apsusc.2010.
12.100. URL http://www.sciencedirect.com/science/article/pii/
S0169433210018295.
[32] R. Carin, J. P. Deville, and J. Werckmann. An XPS study of GaN thin films
on GaAs. Surf. Interface Anal., 16(1-12):65–69, July 1990. ISSN 0142-2421,
1096-9918. doi: 10.1002/sia.740160116. URL http://doi.wiley.com/10.
1002/sia.740160116.
[33] Lili Cai and Cuiju Feng. Effect of Vacancy Defects on the Electronic
Structure and Optical Properties of GaN. J. Nanotechnol., 2017:1–6,
2017. ISSN 1687-9503, 1687-9511. doi: 10.1155/2017/6987430. URL
https://www.hindawi.com/journals/jnt/2017/6987430/.
[34] Monu Mishra, T. C. Shibin Krishna, Neha Aggarwal, and Govind
Gupta. Surface chemistry and electronic structure of nonpolar and po-
lar GaN films. Appl. Surf. Sci., 345(Supplement C):440–447, August
2015. ISSN 0169-4332. doi: 10.1016/j.apsusc.2015.03.166. URL http:
//www.sciencedirect.com/science/article/pii/S0169433215007825.
[35] Monu Mishra, Shibin Krishna T. C, Neha Aggarwal, Mandeep Kaur,
Sandeep Singh, and Govind Gupta. Pit assisted oxygen chemisorption
on GaN surfaces. Phys. Chem. Chem. Phys., 17(23):15201–15208, 2015.
doi: 10.1039/C5CP00540J. URL http://pubs.rsc.org/en/Content/
ArticleLanding/2015/CP/C5CP00540J.
[36] D. Skuridina, D. V. Dinh, B. Lacroix, P. Ruterana, M. Hoffmann, Z. Sitar,
M. Pristovsek, M. Kneissl, and P. Vogt. Polarity determination of polar
and semipolar (1122) InN and GaN layers by valence band photoemission
14
spectroscopy. J. Appl. Phys., 114(17):173503, November 2013. ISSN 0021-
8979, 1089-7550. doi: 10.1063/1.4828487. URL http://aip.scitation.
org/doi/10.1063/1.4828487.
[37] Martin Magnuson, Maurizio Mattesini, Carina Hglund, Jens Birch, and
Lars Hultman. Electronic structure of GaN and Ga investigated by soft x-
ray spectroscopy and first-principles methods. Phys. Rev. B, 81(8):085125,
February 2010. doi: 10.1103/PhysRevB.81.085125. URL https://link.
aps.org/doi/10.1103/PhysRevB.81.085125.
15
